Eliminating the fine structure splitting (FSS) of excitons in self-assembled quantum dots (QDs) is essential to the generation of high quality entangled photon pairs. It has been shown that the FSS has a lower bound under uniaxial stress. In this letter, we show that the FSS of excitons in a general self-assembled InGaAs/GaAs QD can be fully suppressed via combined stresses along the [110] and [010] directions. The result is confirmed by atomic empirical pseudopotential calculations. For all the QDs we studied, the FSS can be tuned to be vanishingly small (< 0.1 µeV), which is sufficient small for high quality entangled photon emission.
There has been continuous interest in finding an efficient entangled photon source for quantum information applications. Benson et al. proposed that a biexciton cascade process in a self-assembled quantum dot (QD) can be used to generate the "event-ready" entangled photon pairs.
1 In this scheme, a biexciton decays into two photons via two paths of different polarizations |H and |V . If the two paths are indistinguishable, the two emitted photons are polarization entangled.
1,2 Unfortunately, the |H -and |V -polarized photons may have a small energy difference, known as the fine structure splitting (FSS), 3, 4 due to the asymmetric electron-hole exchange interaction in the QDs. 5, 6 The FSS is typically about -40 ∼ +80 µeV in the InAs/GaAs QDs, 7 which is much larger than the radiative linewidth (∼ 1.0 µeV), and therefore provides "which way" information about the photon decay path that destroys the photon entanglement.
2, 8 Although, it is possible to "cherry-pick" a QD that has tiny FSS from a large amount of QDs, 2 it is highly desired that the FSS can be tuned by the external fields in a controlled way. Indeed, it has been successfully demonstrated that the FSS can be tuned by electric fields, [9] [10] [11] [12] [13] magnetic fields, 14 and uniaxial stress.
15,16
Applying a stress is an effective way to reduce the FSS in a QD experimentally. 15, 16 For an ideal QD with C 2v symmetry, the FSS can be reduced to exact zero when the stress is applied along the [110] direction. 17 However, for a general QD with C 1 symmetry, there is a lower bound for the FSS 17 because the two bright states belong to the same symmetry representation. Gong et al.
18
derived a general relation between the FSS, the exciton polarization angle and the uniaxial stress. They have shown that the FSS lower bound can be predicted by the polarization angle and the FSS under zero stress. Similar relationship is also found when the FSS is tuned by vertical electric field, 13 where the minimal FSS under electric field can be as small as 0.7 µeV. However, for most of a) Electronic mail: helx@ustc.edu.cn
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In a previous work, Gong et al. proposed an exciton Hamiltonian under uniaxial stress,
where n is the external stress direction, and p is the magnitude of the stress. H 2v represent the Hamiltonian of an ideal QD with C 2v symmetry, whereas V 1 lower the dot symmetry to C 1 , due to local structure deformations, alloy distribution 21 and interfacial effects 22 etc. V s (n)p is the potential change due to the external stress. Note that the lattice deformation under external stress(< 10 2 MPa) is generally smaller then 0.1%, thus in the above Hamiltonian the term O(p 2 ) is omitted. The eigenvectors of the two bright states of H 2v are |3 = |Γ 2 + i|Γ 4 and |4 = |Γ 2 − i|Γ 4 , with corresponding eigenvalues E 3 and E 4 , respectively. In the absence of an in-plane magnetic field, the coupling between the dark states and bright states is negligible. We therefore write the Hamiltonian in the space spanned by the two bright states of H 2v ,
Because the Hamiltonian has a time-reversal symmetry, all parameters can therefore be set to real values for simplicity. We define α = α 3 − α 4 and γ = α 3 + α 4 . The eigenstates of the two bright states are the linear combination of states, |3 , |4 i.e., |ψ − = cos θ|3 + sin θ|4 and |ψ + = − sin θ|3 + cos θ|4 . The FSS ∆(p) for QDs under uniaxial stress p is,
According to the symmetry analysis (and verified by the atomistic theory), one has β = 0 when the stress is applied along the 18 Since the uniaxial stress can not make (βp + κ) and (αp + 2δ) equal to zero simultaneously, there is always a lower bound for FSS when κδ = 0, which is determined by 2|κ| or 2|δ| depending on the direction of the stress.
The above results suggest that diagonal and offdiagonal terms of the Hamiltonian matrix Eq. (2) can be tuned by the stress along the [110] and [010] directions independently. Therefore, it is possible to further reduce the FSS by applying the stresses along the [110] and [010] directions simultaneously. To show this, we generalize the 2×2 model exciton Hamiltonian under uniaxial stress to that under the combined stresses,
.
The FSS for QDs under the combined stress is
The polarization angle θ vs p [110] and p [010] can be calculated from, Fig. 1 . The stresses can be either compressive or tensile depending on the structure of QDs. The resultant deformation of the supercell under stresses is approximated by the linear superposition of the deformation of the cell under individual uniaxial stresses. Optimal atomic positions under stresses are obatained with valance force field method.
23, 24 We solve the Schrödinger equation to obtain the single-particle energy levels and wavefunctions using a strained linear combination of Bloch band method. 25 The exciton energies are then calculated via the many-particle configuration interaction method, 26 in which the exciton wave functions are expanded in Slater determinants constructed from all confined electron and hole single-particle states.
We have calculated 8 InAs/GaAs QDs with different geometries, including (elongated-)lens, pyramid, truncated cone, etc. and different alloy compositions. Here we take a lens-shaped In x Ga 1−x As/GaAs dot with x = 0.6, diameter D = 25 nm, and height h= 3.5 as an example. We obtain similar results for all other QDs. • . The calculated FSS and exciton polarization angles are in excellent agreement with model predictions. The minimal FSS of all other QDs are also <0.1 µeV under the combined stresses (See Table I for critical stresses and the FSS minimum of all dots we studied). The tunable area in which FSS is less than 1 µeV is proportional to 2/α and 1/β. In typical InGaAs/GaAs dots, |α| ∼ 0.1-0.4 µeV/MPa and |β| ∼ 0.04-0.1 µeV/MPa, 18 therefore the tunable area for FSS less than 1 µeV is approximately 5 × 10 MPa 2 , which is easy to control in experiments. When the stresses along the two directions approach the critical point at the same time, the FSS becomes very small, the higher order terms in Eq. (4) may not be ignored, and therefore the FSS can never be exactly zero. Such higher order terms are fully included in the atomistic calculation. The comparison between the model predictions and exact numerical simulations can reveal the role of these terms. As shown in Fig. 2 , the numerical results (scatters) and two-level model predictions (solid lines), using the parameters fitted from the results of uniaxial stress, are in excellent agreement. This suggests that the higher order terms are indeed unimportant except extremely close to the critical stresses. • , i.e., the two states switch polarization, which causes the jump of the total dipole moments of the two states. There are also very small z components of the dipole moment p z because of the valence band mixing, as shown in Fig. 3(b), 3(d) . Therefore, when we project the dipole moment into the x-y plane, the polarization of the two bright states are not exactly orthogonal to each other. The deviation is approximately 1
• -2
• . Bennett et al. have successfully tuned the FSS by applying a vertical electric field. 13 According to the symmetry analysis, the effect of a vertical electric field is equivalent to the uniaxial stress along the [110] direction. Therefore, it is also possible to tune the FSS to approximately zero by applying a combined vertical electric field and an uniaxial stress along the [010] direction, which might be more feasible experimentally. We leave this for future study.
To summarize, we have demonstrated that the FSS in general self-assembled QDs can be reduced to nearly zero under combined stresses along the 
